(Received 7 June 1963)
The role of cell-wall polysaccharides containing uronic acid, and specifically of pectin, in the growth of plant cells has been emphasized in investigations on growing oat-coleoptile tissue (Ordin, Cleland & Bonner, 1955 Albersheim & Bonner, 1959; Jansen, Jang, Albersheim & Bonner, 1960) . It seems to be widely assumed that the uronic acid content of primary cell-wall materials is due simply to their content of pectin; for example , Jansen et al. (1960) reported detecting only galacturonic acid by a pectinase extraction of oat-coleoptile cell-wall material that was said to have brought all uronic acid into solution. However, Bishop, Bayley & Setterfield (1958) obtained evidence indicating the presence of glucuronic acid as well as galacturonic acid.
In the present work we have investigated the uronic acid composition and content of oatcoleoptile cell-wall material in some detail and have found it to be considerably more complex than has hitherto been recognized.
RESULTS
I8olation and identification of uronic acid components. Uronic acids were isolated from acid hydrolysates of polysaccharides of oat-coleoptile cell walls by adsorption on Dowex 1, followed by chromatography in two solvents, by means of which not only could free glucuronic acid and galacturonic acid be separated from one another but a number of other components could be isolated. The acids are listed in Table 1 , and the yields obtained in various experiments are shown in Table 2 .
In most cases whole coleoptile cell walls were extracted with hot 0-05N-sulphuric acid on the expectation that, since hot dilute mineral acid has been said to extract the 'protopectin' of this cellwall material (Ordin et al. 1955 (Ordin et al. , 1957 , the bulk of the uronic acid should be obtained by this solvent. In one case we extracted and examined separately the fraction soluble in hot water ('pectin') . In another experiment we hydrolysed hemicellulose B, prepared from oat-coleoptile cell-wall material in the usual manner.
Most of the products appeared to be hydrolysisresistant aldobiouronic acids and other acidic oligosaccharides and were identified as follows: each was subjected to further hydrolysis with sulphuric acid, followed by separation of acidic from neutral products with Dowex 1. Sugar and uronic acid products were identified by chromatography (Table 1) , by a procedure that distinguished glucuronic acid and galacturonic acid from one another and from any remaining aldobiouronic acids. Identification of the major components was substantiated by conversion into methyl ester methyl glycosides, followed by reduction with sodium borohydride, acid hydrolysis and chromatographic identification of produicts. The isolated galacturonic acid gave galactose; glucuronosylxylose gave xylose and glucose; and methylglucuronosylxylose gave xylose and a fast-travelling hexose that behaved identically, in two solvents, with an authentic sample of 4-0-methylglucose.
These observations confirm the report of Bishop et al. (1958) that glucuronic acid (detected by reduction to glucose) is present in oat-coleoptile cell walls.
It soon became apparent that the pattern of uronic acids obtained from oat coleoptiles was similar to that from hemicelluloses of straw, wheat bran, maize cobs, etc. Therefore we prepared hemicellulose B from maize cobs and isolated the aldobiouronic acids given by acid hydrolysis of it, by the procedure of Whistler, Conrad & Hough (1954) , slightly modified.
The principal uronic acids of maize-cob hemicellulose B have been characterized as 4-0-methylglucuronosyl-(1--+2)-xylose (Whistler et al. 1954 ), glucuronosyl-(1->-2)-xylose [Whistler & Hough, 1953;  glucuronosyl-(1-÷4)-xylose was also considered to be present but was not separated from the former] and glucuronosyl-(1-*4)-xylosyl-(1-+4)-xylose (Whistler & McGilvray, 1955) . These products were found to resemble closely the major aldobiouronic acids and aldotriouronic acids of oatcoleoptile polysaccharides, except for the galacturonic acid derivatives.
The 4-0-methylglucuronosylxylose from oat coleoptiles also behaved identically, in solvents (a) and (b) (see Experimental section), with an authentic sample of 2-0-(4-0-methyl-OC-D-glucopyranosyluronic acid)-D-xylose kindly supplied by C. T. Bishop (see Adams & Bishop, 1956) .
The positions of linkages indicated for aldobiouronic acids in Table 1 are based on the following considerations.
(1) Compounds 2A, 3A and 4, and the maize-cob aldobiouronic acids that are known to have (1-2)-linkage, showed unusually low reducing values compared with free sugars or uronic acids (Tables 1  and 3 ). This property is characteristic of oligosaccharides linked through the 2-position of the reducing residue (Bailey, Barker, Bourne & Stacey, 1955; Barker, Bourne, Grant & Stacey, 1956 ). The remaining acidic oligosaccharides from coleoptiles, which showed considerably greater reducing value, are presumably linked through a different position of the reducing residue. (2) Sugars bearing a glycosidic or ether substitution in the 2-position are resistant to degradation by alkali, whereas sugars substituted elsewhere decompose in alkali, with loss of reducing power (Kenner & Richards, 1956; Whistler & Corbett, 1955; Whistler & Richards, 1958 Wallenfels, 1950) , which detects all except 2-0-substituted reducing sugars (Barker et at. 1956; Avigad, Zelikson & Hestrin, 1961; Roudier & Eberhard, 1960) . Compounds 1C and 2B gave a positive reaction with this reagent.
The major coleoptile aldobiouronic acids (glueuronosylxylose and 4-0-methylglucuronosylxylose), and the related aldotriouronic acids containing two xylose residues, indicate the presence in the cell walls of glucuronoxylans, which are typical hemicellulose components of a variety of plant-cell-wall materials (see Whistler & Sanella, 1958; Aspinall, 1959) . Glucuronosylgalactose (compound 1 B) is a wellknown constituent of various gums, including gum arabic (see Hirst, 1958) , and bacterial capsular polysaccharides. It was obtained from pine-wood hemicellulose by Roudier & Eberhard (1960) , and although it does not appear to have been isolated from the cell walls of other higher plants, Roudier & Eberhard (1960) mention that they have detected it in a variety of cell-wall materials. For unknown reasons the yield of this component from coleoptile cell walls varied greatly (Table 2) . It was not completely separable from compound 1 C, and the best preparation was obtained after relatively long hydrolysis, after which the amount of the aldotriouronic acid 1 C was probably insignificant.
Besides free galacturonic acid, two compounds (lA and 3A) that gave galacturonic acid on hydrolysis were isolated. Compound 1 A yielded no sugar; its reducing value per mole of uronic acid was about half that of free galacturonic acid. These data and the chromatographic behaviour of 1A suggest that it is digalacturonic acid, which is known from partial hydrolysis of pectic acid (Jermyn & Tomkins, 1950; Jones & Reid, 1954) and from certain other polysaccharides (Hirst, Hough & Jones, 1949) . Compound 3A gave galacturonic acid and rhamnose on hydrolysis and is probably galacturonosyl-( 1-2)-rhamnose. This aldobiouronic acid has previously been obtained from various gums (e.g. Laidlaw & Percival, 1949; Aspinall, Hirst & Matheson, 1956; Whistler & Conrad, 1954) , and was isolated from pine-wood hemicellulose by Roudier & Eberhard (1960) .
Uronic acid content of cell-wall material. According to Jansen et al. (1960) , determinations by the carbazole method on pectinase extracts of oatcoleoptile cell-wall material indicated a uronic anhydride content of about 5%, or about 3-5 % according to Albersheim & Bonner (1959) . These determinations apparently were not corrected for the interfering effect of sugars in the extracts, even though Jansen et al. (1960) reported that sugars were detected in a pectinase extract. Bishop et al. The yields of uronic acids in the more complete isolations reported here were nearly 2 % of the whole cell-wall material. Recovery was expected to be incomplete, because of losses during manipulations and because hydrolysis of aldobiouronic acids is characteristically attended by decomposition.
To compare our observations more directly with previous determinations of uronic acid content, we subjected one sample of material from oat-coleoptile cell walls to extraction with hot dilute mineral acid, followed by extraction with pectinase, and a second sample to extraction in the reverse order. The uronic acid and sugar constituents of each extract were resolved by chromatography and determined (Table 4) .
The principal uronic acid in pectinase extracts was free galacturonic acid, although when pectinase was used as the first extractant small amounts of free glucuronosylxylose and 4-O-methylglucuronosylxylose were detected before acid hydrolysis of the extract, showing that the pectinase preparation had a slight hemicellulase activity. After pectinase extraction, large amounts of aldobiouronic acids were obtained by extraction with hot acid. When hot acid was used as the first extractant, the usual proportions of uronic acids were obtained, aldobiouronic acids being the major components, but a large amount of galacturonic acid was obtained by subsequent extraction with pectinase.
It is apparent that, contrary to what would be expected from the previous designation of the material extracted with hot dilute mineral acid as 'protopectin', most of the polysaccharides that contain galacturonic acid are not extracted by this solvent. Hot dilute acid removes principally uronic acids that originate from hemicelluloses; pectinase may be assumed to remove pectin (polygalacturonic acid), but one may ask whether pectinase also removes galacturonic acid from other polysaccharides, such as that which yields galacturonosylrhamnose on acid hydrolysis, if this aldobiouronic acid is not a component of a polygalacturonic acid chain.
We think, however, that most of the galacturonic acid that is obtainable from the material is probably derived from polygalacturonic acid. In support of this view is the observation that the yield of digalacturonic acid decreased and the yield of free galacturonic acid increased with longer hydrolysis of hot dilute acid extracts (Table 2) .
It might be assumed that the sugars obtained after acid hydrolysis of pectinase extracts arise from polysaccharides that become solubilized but not hydrolysed when polygalacturonic acid chains are hydrolysed and removed by pectinase. However, Perila & Bishop (1961) observed strong hydrolytic activity of a pectinase preparation towards a glucomannan. In any case, loss in weight of cell-wall material upon pectinase treatment is much greater than the amount of pectin extracted.
To assess recovery of uronic acid in the pectinase and hot-acid extracts we ran the carbazole reaction on the neutral fraction of each extract and on a portion of the original extract. The results (Table 4) are expressed in terms of whichever hexuronic acid is the principal component of the acidic fraction of that extract, although it may be presumed that the carbazole reaction of the neutral fraction, and part of that of the original extract, is due to sugars and possibly other substances. Recovery was about 80 % except for the pectinase extraction of sample A, where much less complete recovery of galacturonic acid evidently was attained. We assume that the minimum galacturonic anhydride content is indicated by the figures for sample B.
In pectinase extracts the sugars determined in the neutral fractions accounted entirely for the Vol. 90 carbazole reaction given by this fraction, whereas, with hot-acid extracts, sugars did not account completely for the neutral fraction. We examined the neutral fraction for uronic acid lactones by chromatography; none was detected directly, and no uronic acids were detected after mild alkaline hydrolysis followed by adsorption of acids on Dowex 1, so it is presumed that the excess of the carbazole value is due to protein or other interfering substances.
The total uronic anhydride content of sample 2 (from recovered uronic acids) was 4-67 %, of which about two-thirds was galacturonic anhydride and one-third glucuronic anhydride and 4-0-methylglucuronic anhydride. The carbazole reaction of initial extracts less that of neutral fractions indicates a uronic anhydride content of 6 1-6-8 %. The actual content probably lies between these extremes.
By the method of decarboxylation in hot 12-5 % hydrochloric acid we found a uronic acid contenit of 5*0 % for oat-coleoptile cell-wall material. Because of uncertainties involved in the correction for sugars, this method cannot be considered very reliable at low uronic acid contents (Norman, 1939) , but the results serve to confirm in an independent way the magnitude of the uronic acid content found in the chromatographic experiments and to indicate that no major uronic acid fractions remain unaccounted for. EXPERIMENTAL Analytical methods. Uronic acid was determined by the carbazole method (McComb & McCready, 1952) or by the sodium tetraborate-carbazole method of Bitter & Ewins (1961) . The total volume of reagents was 5 ml. Standards of glucuronic acid and galacturonic acid were included in every series. Results are expressed as uronic anhydride; oligosaccharides containing galacturonic acid were estimated on the basis of the galacturonic acid standard, and those containing glucuronic acid or 4-O-methylglucuronic acid were estimated on the basis of the glucuronic acid standard. This assumes that the sensitivity of the carbazole reaction to uronic acids in oligosaccharides is the same as to the free uronic acids, and that sensitivity to 4-O-methylglucuronic acid is the same as to glucuronic acid. That this must be essentially so is indicated by the fact that the percentage of uronic anhydride found for weighed samples of aldobiouronic acids isolated from oat coleoptiles was close to the theoretical (see below).
Total uronic acid was determined by decarboxylation in 12-5% HCI at 1100, by the micro-method of Ogston & Stanier (1951) . The yield of C02 was determined in the same way for the sugars known to compose a substantial part of the cell-wall material (Ray, 1963) and for galacturonic acid. Four determinations on oat-coleoptile cell-wall material gave a mean yield of 2-00% of C02; the C02 due to sugars was calculated as 0-76 % from the sugar composition of the cell wall, so the C02 presumed to be due to uronie acids is 1-24 %. This indicates a uronic anhydride content of 5.0%.
Reducing value was determined by the arsenomolybdate method of Wager (1954) , with a heating time of 30 min. at 1000 and a final volume of 5 ml. Results were expressed in m-equiv. by comparison with the reaction of arsenomolybdate with weighed amounts of Cu2O. Sugars were determined by the same method, after chromatographic separation, as described by Ray (1963) .
Methoxyl was determined by the method of Clark (1932) .
Chromatography. Whatman no. 1 paper (9 in. x 22 in. sheets) was washed with acetic acid and water as described by Ray (1963) . The following chromatographic solvents were employed (descending method).
(a) Ethyl acetate-water-acetic acid-formic acid (18:4:3: 1, by vol.) was used for separation of the principal aldobiouronic acids and hexuronic acids. An example of the separation of uronic acids from polysaccharides of oatcoleoptile cell walls with this solvent is shown in Fig. 1 Table 1 are the mean of a number of observations for each compound.
(b) The organic phase from a mixture of 100 g. of phenol, 100 ml. of water and 1 ml. of 88 % formic acid was used for separation of galacturonic acid and glucuronic acid, for separation of slow-travelling components (zone 1) obtained with solvent (a) and to confirm identifications of sugars made with solvent (c).
A useful observation was that aldobiouronic acids and aldotriouronic acids containing xylose run nearly as rapidly in solvent (b) as the parent hexuronic acid, whereas they run much more slowly in solvent (a) (see Table 1 ).
(c) Butan-2-one-acetone-water-pyridine (150:30:20: 1, by vol.) was used for identification and determination of sugars. Cell-wall material. This was prepared from growing coleoptiles, 3-4 cm. long, of oat seedlings (Avena sativa var. Victory) grown for 3 days at 250, which were exposed to weak red light during the first day and kept in darkness thereafter. The primary leaf was removed and the coleoptiles were crushed between glass plates and extracted with urea and alcohol as described by Ray (1962) except for the hemicellulose B preparation included in Table 2 . In this the coleoptiles were frozen and thoroughly ground in a mortar, with water, and the cell-wall material was washed several times with water and alcohol.
The yield of cell-wall material was approx. 400 mg./ 1000 coleoptiles.
Extraction and hydrolysis. This section refers to Expts. 1, 2 and 3 of Table 2 . The cell-wall material was extracted three times for 2 hr. with 50 ml. portions of 0 05N-H2SO4 in a boiling-water bath. In Expt. 3 the material was first extracted twice for 1-25 hr. with 50 ml. of water in a boiling-water bath, washed with a further 50 ml. of hot water, then extracted with hot 0-05N-H2SO4 as above. Extracts were filtered, evaporated to about 10 ml. at reduced pressure at about 400 in a rotary evaporator, or in Expt. 3 under an air stream at 600. They were then made 1 N with respect to H2SO4 and heated in a boiling-water bath for 3-6 hr. as indicated in Table 2 .
The hydrolysate was put through a column containing about 8 g. of Dowex 1 (acetate form; X 10; 200-400 mesh; made from the chloride form by treatment with M-sodium acetate). Sugars were washed through with 50 ml. of water. Uronic acids were eluted by passing 80 ml. of 6N-acetic acid through the column. This was evaporated under reduced (about 230) , then three times with 0-25% ammonium oxalateoxalic acid in a boiling-water bath for about 8 hr., and finally three times with 4N-KOH under N2 at room temperature for a total of 24 hr. The alkali extract was brought to pH 6 with acetic acid, and the precipitate (hemicellulose A) was removed by centrifugation. The supernatant was diluted with 4 vol. of ethanol, and the precipitated hemicellulose B was washed with alcohol and dried (yield, 39 % of holocellulose).
A sample of hemicellulose B (397 mg.) was dissolved in 24 ml. of N-H2SO4 and heated in a boiling-water bath to effect hydrolysis. Uronic acids were obtained from the hydrolysate as described above.
Isolation of uronic acids from hydrolysates. The uronic acids obtained as described above were dissolved in 6N-acetic acid and applied as a streak along the starting line of one or more chromatogram sheets. Appropriate portions (about 2% of the fraction soluble in hot dilute acid, or 10% of the fraction soluble in hot water) were applied at either end of the streak to provide reference strips. Chromatograms were developed with solvent (a) for 20-24 hr. Reference strips sprayed with aniline hydrogen phthalate (Partridge, 1949) showed four major zones (numbered 1-4 in Table 1 ) and one minor zone (zone 5). 3C was distinguishable as a separate minor zone, and was isolated at this stage in Expt. 4 (Table 2) but not in the other experiments. Strips corresponding to the different zones were eluted with water.
Eluates of zones 1-4 were chromatographed a second time in solvent (a). The zones were eluted into tared weighing bottles, dried in vacuo over P205 and weighed. Zones 1 and 3 were then chromatographed with solvent (b) for 44 hr. (zone 3) or 60 hr. (zone 1). Each was separated into three zones, designated A, B and C in Table 1 . Zones 3 A and 3 B corresponded in position to glucuronic acid and galacturonic acid respectively.
Zones 2 and 4 behaved as single compounds in solvent (b), except in Expt. 3 (Table 2) In Expt. 1 (Table 2 ) solvent (b) was used in the primary separation. In this a sharp separation between compounds 1 B and 2 (including any 1C) was obtained. However, in Expt. 3, zones 1 B and 1C tended to streak in solvent (b) and a sufficient separation between them for complete isolation was not achieved in two chromatographic trials, so they were finally determined together.
Hydrolysis of isolated uronic acid derivatives. Compounds suspected of being oligosaccharides (0-5-1 mg.) were treated with N-H2504 in a closed tube for 12 hr. in a boiling-water bath; neutral and acid fractions were obtained from the bydrolysate with Dowex 1 (acetate form) as described above, and these fractions were evaporated to dryness at reduced pressure. Sugars in the neutral fraction Vol1. 90 were identified by chromatography in solvents (b) and (c). Uronic acids were chromatographed first in solvent (a) with guide strips carrying glucuronic acid, galacturonic acid, glucuronosylxylose and 4-O-methylglucuronosylxylose (from maize-cob hemicellulose B, see below). By reference to the guide strips, the portions of the paper containing any glucuronic acid or galacturonic acid (these two acids not being sufficiently separated for unquestionable identification) from the hydrolysates were cut out. The rest of the paper was sprayed with aniline phthalate. The glucuronic acid-galacturonic acid zones were eluted with water and chromatographed with solvent (b) for 44 hr., with glucuronic acid and galacturonic acid as reference compounds. Separation of the two acids was complete and clear discrimination between them was obtained by spraying the entire paper with aniline phthalate.
With compounds 2 A and 4, large amounts of the original compounds were always detected after hydrolysis, owing to their resistance to hydrolysis. With compounds 1 B and 1 C, a small amount of the original compound remained after hydrolysis. Residual starting material is not listed in Table 1 .
Borohydride reduction. Reduction of 2 mg. samples of uronic acids was carried out by a procedure slightly modified from that of Gorin (1957) . The uronic acid was converted into the methyl ester methylglycoside by refluxing for 12 hr. in 4-8 % HCI in methanol; this was neutralized with Ag2CO., filtered, evaporated to dryness in vacuo, dissolved in 5 ml. of water, and 2 mg. of NaBH4 in 0-2 ml. of water was added. After standing overnight at room temperature the solution was acidified to about pH 4 with acetic acid, treated with 0 5 g. of Amberlite IR-120 (H+ form) and, after half an hour, a pinch of Norit charcoal was added, and the mixture filtered and evaporated to dryness at reduced pressure. Boric acid was removed by taking up in methanol and evaporating to dryness at reduced pressure three times. The syrupy residue was refluxed with N-H2SO4 for 8-12 hr., then neutralized and separated into acidic and neutral,fractions with Dowex 1 (acetate form) as described above. Portions of the neutral fraction were chromatographed in solvents (b) and (c). The acidic fraction was chromatographed in solvent (a). In all cases the acidic fraction contained a considerable amount of the original acid and of the acidic product obtainable from it by straight hydrolysis, showing that reduction had not been complete (the yield of reduced products was estimated as about 10%).
The neutral fraction derived from coleoptile compound 3B contained a hexose that corresponded in chromatographic behaviour to galactose. From compound 2 A, xylose and glucose were obtained. Compound 4 gave xylose and a fast-travelling hexose [Rxylose in solvent (b):
unknown hexose 1-37, known 4-O-methylglucose 1-36, known 3-O-methylglucose 1-34; in solvent (c): unknown hexose 1-13, known 4-O-methylglucose 1-13, known 3-0-methylglucose . Small amounts of sugars that behaved chromatographically, and gave colour reactions, like arabinose and rhamnose, were also detected in the product derived from compound 4, suggesting that compound 4 was contaminated by small amounts of methylglucuronosylaldobiouronic acids containing these sugars (cf. Andrews & Jones, 1954) .
Action of calcium hydroxide on uronic acid8. About 40,g. of each uronic acid derivative, and of maltose and 3-0-methylglucose, in 0-5 ml. of water, was gassed for 5 min. with pre-purified grade ( >99.997%, v/v) N2, and under N0 0 5 ml. of 0 3 % Ca(OH)2 suspension, similarly gassed, was added, giving a 0-04N solution. After 10 days at room temperature (about 230) each tube was opened, a pinch of Amberlite IR-120 (H+ form) was added, the solution was decanted and the reducing value of the solution was determined and compared with the reducing value of a similar amount of untreated compound, giving results recorded in Table 1 . The reducing value of alkali-treated maltose and 3-O-methylglucose was nil.
Uronic acids from maize-cob hemicellulo8e B. From commercial ground maize cobs hemicellulose B (700 g.) was prepared and hydrolysed by the procedure of Whistler et al. (1954) . After neutralization with Ba(OH)2, filtration through Celite and passage through Amberlite IR-120 (H+ form), the hydrolysate was passed through 250 ml. of Dowex 1 (acetate form), which was then washed with 21. of water. Uronic acids were eluted with 5 1. of 6N-acetic acid; this was concentrated under reduced pressure to a thick syrup (2 g.). This was separated into the principal components by chromatographing 150-200 mg. portions on sheets of Whatman 3MM paper for 24 hr. with solvent (a). A portion of each of the isolated fractions was hydrolysed as described above for compounds isolated from oatcoleoptile cell walls. Fraction A yielded xylose and a fasttravelling uronic acid (R.yl.0 1-33 in solvent a). Fraction Cl yielded xylose and glucuronic acid. Fraction C2 gave xylose and an acid that appeared by chromatography to be the same as fraction A. Fraction D 1 yielded galactose and glucuronic acid. Fraction D 2 gave xylose and an acid that appeared by chromatography to be the same as fraction C 1l
By reduction with NaBH4, fraction A yielded xylose and 4-0-methylglucose, and fraction C 1 yielded xylose and glucose, identified chromatographically, as was to be expected from the findings of Whistler et al. (1954) and Whistler & Hough (1953) . Fraction D 2 appears to be the glucuronosylxylosylxylose previously identified by Whistler & McGilvray (1955) .
Fractions C 2 and D1 do not appear to have been distinguished previously in maize-cob hemicellulose hydrolysates. Fraction C2 is apparently 4-0-methylglucuronosylxylosylxylose, which has been obtained from other sources (Adams, 1959; Brasch & Wise, 1956; Hamilton & Thompson, 1957; Srivastava & Adams, 1959) For direct extraction of cell-wall material with pectinase (Expt. A, Table 4 ) the material was first treated with 10 ml. of 0.5% EDTA (sodium salt, pH 11-5) for 1 hr. The solution was brought to about pH 5 with acetic acid, and 0-5 ml. of dialysed pectinase solution was added. After 3 hr. the extract was decanted, the residue was washed three times with water, then with alcohol, then dried and weighed. Extract and water washings were passed through Dowex 1 (acetate form) to remove acidic products, which were eluted with 6w-acetic acid. The fraction that was not adsorbed on Dowex 1 was made 1 N in H2SO4 and heated for 6 hr. in a boiling-water bath. This hydrolysate was separated into acidic and neutral fractions with Dowex 1 as described above.
The residue from pectinase extraction was extracted with 5 ml. of 0-05N-H2SO4 in a boiling-water bath for 1-5 hr., and washed twice with water. The extract and washings were made 1 N in H2SO4, heated in a boiling-water bath for 6 hr. and separated into acidic and neutral fractions with Dowex 1.
In Expt. B (Table 4) , the cell-wall material was first extracted with hot 0-05N-H2SO4 as just described, and, after being dried and weighed, was extracted with 5 ml. of 0-1 % pectinase in 0-5% EDTA, pH 5-0, for 3 hr.
One-fifth of each acidic fraction was chromatographed for qualitative detection of constituents, by the procedure given in the section on hydrolysis of isolated uronic acid derivatives. From the remainder of each fraction the uronic acid components were isolated chromatographically as described above, the aldobiouronic acids and aldotriouronic acids isolated from maize-cob hemicellulose B, and glucuronic acid and galacturonic acid, being used as reference compounds. The constituents were determined by the sodium tetraborate-carbazole method, as shown in Table 4 . In Expt. A, aldobiouronic acids were detected in small amounts, both in the free acid fraction adsorbed on Dowex 1 immediately after pectinase treatment and in the acidic fraction obtained after hydrolysis of the remaining pectinase extract. The figures listed for the pectinase extract are the sum of these two fractions. Almost all the galacturonic acid was obtained in the free acid fraction. In Expt. B, uronic acids were detected after pectinase extraction only in the fraction directly adsorbable on Dowex 1.
Portions of the sugar fractions were chromatographed in solvent (c) for qualitative detection. Separate portions containing 150-250 pg. of sugars were chromatographed in solvent (c) by the double-development procedure and determined as described by Ray (1963) . From the results the amounts of each sugar (except rhamnose) in the entire sugar fraetion were calculated.
For determination of rhamnose or ribose or both the entire remainder of each sugar fraction was applied as a streak to the starting line of a chromatogram sheet and was chromatographed 24 hr. in solvent (c) along with rhamnose markers. After removal and spraying of the guide strips the portion of the paper containing rhamnose of the sample was cut out and eluted, together with a blank piece of similar size. The determination was performed on a fraction of each rhamnose sample, and the remainder was rechromatographed with solvents (b) and (c). A sugar having the same mobility and colour reaction as authentic rhamnose was detected in samples A2 and B 1. The sugar found in samples Al and B2 had the same mobility and colour reaction as ribose.
As a blank, 10 ml. of EDTA containing 0 5 ml. of pectinase solution was taken through the procedure described for pectinase extracts. No significant amounts of either sugars or uronic acids were detected.
To determine to what extent the extraction of polysaccharides in the pectinase procedure might be due to the treatment with alkaline EDTA, a sample of coleoptile-cellwall material was treated with alkaline EDTA as described, then washed with water and ethanol and reweighed. The loss in weight was found to be 5 4 %, indicating that most of the extraction of material in the pectinase procedure must be attributed directly or indirectly to the action of pectinase. SUMMARY 1. Uronic acids were obtained from polysaccharides of oat-coleoptile cell walls by acid hydrolysis, and were separated chromatographically. They were identified by hydrolysis, by comparison with similar compounds from maize-cob hemicellulose B and, for the major components, by reduction to the corresponding sugar or disaccharide.
2. The products included free hexuronic acids (mainly galacturonic acid, small amounts of glucuronic acid and methylglucuronic acid), a number of aldobiouronic acids and aldotriouronic acids (principally glucuronosylxylose and 4-0-methylglucuronosylxylose, smaller amounts of glucuronosylxylosylxylose, methylglucuronosylxylosylxylose, glucuronosylgalactose and galacturonosylrhamnose) and galacturonosylgalacturonic acid. Evidence was obtained that indicates that the principal aldobiouronic acids have (1-÷2)-linkage.
3. Extraction with hot dilute mineral acid removed hemicelluloses that contain glucuronic acid and methylglucuronic acid, but removed only a fraction of the galacturonic acid. The remainder of the galacturonic acid could be obtained by pectinase treatment. Pectinase treatment alone removed only a minor proportion of the cell-wall glucuronic acid and methylglucuronic acid.
4. By extraction with both hot acid and pectinase the uronic anhydride content of oat-coleoptile cell-wall material was found to be about 5 %, of which about two-thirds is galacturonic acid and one-third glucuronic acid and 4-0-methylglucuronic acid.
